In this paper, we propose and demonstrate three weight moving average based thresholding schemes for mobile-phone camera based visible light communication, including equal weight moving average (EWMA) based thresholding scheme, fractional weight moving average (FWMA) based thresholding scheme and equal ratio weight moving average (ERWMA) based thresholding scheme. The conventional third order polynomial fitting (OPF) based thresholding scheme and three proposed thresholding schemes are evaluated and compared. The experimental results show that compared with the third OPF based scheme, our proposed schemes better resist the grayscale value fluctuation and have lower computational complexity. For 2 Kb/s data rate, thresholding schemes based on the third OPF, EWMA, FWMA, and ERWMA can achieve the transmission distances of 50 cm, 175 cm, 200 cm, and 175 cm, respectively. Moreover, we measure the average running time of these thresholding schemes, which are 1051.957 ms, 2.773 ms, 14.372 ms, and 88.271 ms, respectively. Considering the system performance and computational complexity comprehensively, FWMA-based thresholding scheme is optimal, which has great potential in practical applications.
Fractional Weight Moving Average Based
Thresholding Scheme for VLC With Mobile-Phone Camera
Introduction
Recently, the research on visible light communication (VLC) is growing because it can support both illumination and communication; visible light has a huge unregulated bandwidth (from 375 nm to 780 nm) and is safe to humans; light-emitting diodes (LEDs) are inexpensive and widely used.
With these unique features, VLC has a good application prospect in positioning, underwater communication, secure communication, and vehicle-to-vehicle communication [1] - [4] . As an optical communication technology, the receiver (Rx) of the VLC system can be divided into two types: photodiode and image sensor. The photodiode is normally used as the high-speed Rx of VLC system [5] - [8] . Nowadays, since image sensors are widely used, using image sensors as the Rx of the VLC system has attracted widespread attention [9] - [12] . However, the frame rate of the commercial image sensor is very low (e.g. 25-60 frames per second (fps)). If the visible light signal is transmitted at the frame rate or lower rate, human eyes can detect light flickering, which cannot be acceptable for light illumination [13] . A straightforward but extremely effective way to increase visible light signal rate is to use the rolling shutter effect of the complementary metal-oxide-semiconductor (CMOS) image sensor. Using the rolling shutter effect of the CMOS image sensor, the VLC system can achieve a data rate which is higher than the frame rate of the CMOS image sensor [14] - [17] . Nowadays, mobile-phones with CMOS cameras are very common, which has driven researchers to use mobile-phone as Rx of VLC system. The mobile-phone camera based VLC has made great progress. In [18] , a mobile-phone camera based VLC system supporting user mobility was proposed and experimentally demonstrated. In [19] - [21] , some mobile-phone camera based VLC systems were proposed to realize indoor and outdoor positioning. With the rolling shutter effect, the optical signal is recorded as bright and dark stripes with different widths in images. This is different from traditional optical communication technologies. For the white LED light source, the bright and dark stripes can be distinguished by brightness information (i.e. grayscale value). In the process of signal demodulation, the grayscale value of each stripe needs to be binarized by a threshold. This is a very important step because the binarization accuracy is directly related to the system performance. Traditional thresholding schemes are based on polynomial fitting [22] - [24] . However, polynomial fitting based thresholding scheme has bad system performance since it cannot resist the grayscale value fluctuation. Additionally, it has high computational complexity. These limit the applications of the mobile-phone camera based VLC system. Therefore, advanced threshold schemes are expected for improving system performance.
In this work, we propose and demonstrate three weight moving average based thresholding schemes for mobile-phone camera based visible light communication (VLC), including equal weight moving average (EWMA) based thresholding scheme, fractional weight moving average (FWMA) based thresholding scheme and equal ratio weight moving average (ERWMA) based thresholding scheme. Firstly, the principles of the three weight moving average algorithms described in detail. Then, we compare the threshold curves based on the conventional 3rd order polynomial fitting (OPF), EWMA, FWMA, and ERWMA algorithms, respectively. Additionally, we optimize the parameters of the EWMA, FWMA and ERWMA algorithms. Finally, the performance of the four thresholding schemes is evaluated and compared.
Threshold Algorithm Principle
The idea of the proposed three threshold algorithms including the EWMA, FWMA and ERWMA is inspired by the literature [25] . The main idea is that the current threshold value is not only related to the grayscale value of the current pixel, but also the grayscale value of the pixel adjacent to the current pixel. According to the weight of grayscale value of the pixel, the proposed threshold algorithms include EWMA, FWMA and ERWMA. Assuming that the selected column matrix of grayscale values is
, where x(i ) is the grayscale value of the i th pixel, W is the row number of pixels of the CMOS camera. Here, the W is 3888. In the following, the principles of the proposed threshold algorithms are described in detail.
Equal Weight Moving Average
For the EWMA threshold algorithm, the weight of grayscale value of the pixel adjacent to the current pixel is equal, which means that the grayscale values of these pixels have the same impact on the current threshold value. The i th threshold value T 1 (i ) is the average of the grayscale values of the forward and backward pixels adjacent to the i th pixel. Here, x(i + 1), x(i + 2), . . ., x(i + s k ) are the grayscale values of the forward pixels adjacent to the i th pixel. Similarly,
are the grayscale values of the backward pixels adjacent to the i th pixel. The number of the forward pixels is equal to that of the backward pixels. The principle of EWMA is expressed as
where s 1 is the number of grayscale values of the forward (backward) pixels adjacent to the i th pixel. As expressed by the Eq. (1), the weight of the grayscale value of each pixel adjacent to the current pixel is equal in the average calculation.
Fractional Weight Moving Average
For the FWMA threshold algorithm, the weight of grayscale value of the pixel adjacent to the current pixel is not equal, which is a fractional value related to the distance from the pixel to the current pixel. For example, the weights of the grayscale values of the (i − j)th and (i + j)th pixels are both . The closer to the current pixel, the more grayscale value weight the pixel has. This means that the closer to the current pixel, the greater the grayscale value of the pixel impact on the current threshold value. The i th threshold value T 2 (i ) is the weighted average of the grayscale values of the forward and backward pixels adjacent to the i th pixel. The principle of FWMA can be given as
where s 2 is the number of grayscale values of the forward (backward) pixels adjacent to the i th pixel. As expressed by the Eq. (2), the weight of the grayscale value is a fractional value related to the distance from the pixel to the current pixel.
Equal Ratio Weight Moving Average
For the ERWMA threshold algorithm, the weight of grayscale value of the pixel adjacent to the current pixel is a power exponent. For example, the weights of the grayscale values of the (i − j)th and (i + j)th pixels are both (1
The closer to the current pixel, the greater the grayscale value of the pixel impact on the current threshold value. The i th threshold value T 3 (i ) is the weighted average of the grayscale values of the forward and backward pixels adjacent to the i th pixel. The principle of ERWMA can be given as
where s 3 is the number of the grayscale values of the forward (backward) pixels adjacent to the ith pixel. As expressed by the Eq. (3), the weight of the grayscale value is a power exponential value related to the distance from the pixel to the current pixel.
Experimental Details
The block diagram and experimental setup of mobile-phone camera based VLC system are illustrated in Fig. 1(a) and (b) . At transmitter (Tx) side, the on-off keying (OOK) data is generated offline by a personal computer (PC). The header data is {00110011} which is used for signal synchronization at Rx side. The modulated data is sent to an arbitrary waveform generator (AWG, Tektronix, AFG3102C) to generate a analog voltage signal. Then, the analog electrical signal is fed into to a LED driver which provides a certain DC bias voltage for LEDs to ensure the normal illumination. Finally, the electrical signal and the DC bias voltage control a LED module to generate TABLE 1 Experimental Parameters a modulated optical signal. The LED module is composed of a LED array with 15 white LEDs and an LED lens module. At Rx side, a mobile-phone (Huawei Honor 7) camera is used to capture the optical signal. The image resolution is 3888 × 5152 pixels. The captured image is offline processed by a PC to demodulate the signal. The experimental parameters are shown in Table 1 . Although the transmission rate of the mobile-phone camera based VLC system is only 2 Kbps. For the key transmission, indoor positioning and navigation, the data rate is enough. The mobile-phone camera based VLC can achieve secure transmission of key and high accuracy indoor positioning and navigation [15] - [17] . Additionally, the VLC system uses a mobile-phone camera as a receiver without adding external devices, which reduces cost and complexity. The mobile-phone camera based VLC shows the great advantages in practical applications.
For signal demodulation, a suitable column matrix of grayscale values needs to be selected. As illustrated in Fig. 1(b) , there is a blooming region (i.e. bright region) in the grayscale image. Since bright and dark stripes cannot be distinguished in the blooming region, the selected column matrix cannot contain the grayscale values from the region. As shown in Fig. 1(c) , by sorting the grayscale values of each row of pixels in descending order, the blooming region is at the left end of the sorted grayscale image, which is convenient for selecting grayscale values. Since the proposed thresholding schemes can resist the grayscale value fluctuation, the grayscale values should be selected from the region that has the high contrast of bright and dark stripes. This is advantageous for achieving a longer transmission distance. We can observe that the region near the blooming region has a high contrast of bright and dark stripes. By analyzing the grayscale values of the grayscale image, we conclude that if each entry of a column matrix of grayscale values is smaller than 240, then no grayscale value is from the blooming region. By checking each entry of column matrix from the first column (on the left side) of the sorted grayscale image, if there is an entry of the column matrix lager than 240, the entries of the next column matrix are checked until each entry of the n 0 th column matrix is smaller than 240. The blue line in Fig. 1(c) shows the n 0 th column matrix of grayscale values. To further ensure the selected column matrix has no grayscale values from the blooming region, the nth (where n = n 0 + 200) column of the grayscale image is the selected column matrix of grayscale values. The red line in Fig. 1(c) shows the selected column matrix of grayscale values.
Results and Discussions
The blue curves in Fig. 2 show the selected grayscale values for signal demodulation. The selected grayscale values for the 3rd order polynomial fitting (OPF) are different from the selected grayscale values for the proposed thresholding schemes. It can be observed that the grayscale value fluctuation of 3rd OPF based thresholding scheme is smaller than that of the proposed thresholding schemes. Here, the grayscale value fluctuation is the change trend of the grayscale values. The contrast between the bright and dark stripes near the blooming region is high, but the grayscale value fluctuates greatly. Similarly, the light and dark stripes away from the blooming region have low contrast, but the grayscale value fluctuation is small. Since the 3rd OPF cannot resist the grayscale value fluctuation, the grayscale value selection requires a comprehensive consideration of the grayscale value fluctuation and the contrast of the bright and dark stripes. The grayscale values are selected from a region which is not close to the blooming region. The grayscale value selection scheme has been reported in [26] . The proposed thresholding schemes can resist the grayscale value fluctuation. Hence, the grayscale value selection only needs to consider the contrast between bright and dark stripes. The grayscale values are selected from a region which is close to the blooming region. The grayscale value selection scheme has been introduced in Section 3. In order to achieve a fair comparison, the grayscale value selection scheme for the 3rd OPF is different from that for the proposed thresholding schemes. By comparing Fig. 2(a) with Fig. 2(b) -(c), we can clearly observe that the accuracy of the data logic defined by 3rd OPF is significantly lower than that of our proposed thresholding schemes. Additionally, the EWMA and ERWMA have similar thresholds. Therefore, the EWMA and ERWMA may have similar system performance.
Eq. (1)- (3) show the principles of the proposed threshold algorithms, the threshold value T k (i ) is related to the s k , where k = 1, 2, 3; T 1 (i ), T 2 (i ) and T 3 (i ) are the threshold values based on EWMA, FWMA, and ERWMA, respectively. Therefore, it's necessary to obtain an optimal s k for the proposed thresholding schemes. We evaluate and compare the BER performance of thresholding schemes for different s k . Here, s k is varied from 34 to 544 with the step of 34 which is the bit resolution (pixels per bit) for the given data of 2 Kbps. Fig. 3 shows the BER-versus-s k curves for the proposed thresholding schemes when transmission distances are 150 cm and 175 cm. The data rate is fixed at 2 Kbps. It can be clearly observed that the optimal s 1 (for EWMA), s 2 (for FWMA) and s 3 (for ERWMA) are 136, 68 and 136, respectively.
With the optimal s k , the proposed thresholding schemes are compared with the 3rd OPF based thresholding scheme. With the proposed thresholding schemes, some cases have no errors. For these cases, the BER is approximated as 1/50000 = 2 × 10 −5 because about 5 × 10 4 bits of data are used to evaluate the BER performance for each case. Fig. 4 illustrates the BER versus the different transmission distances. It can be observed that the performance of our proposed thresholding schemes is better than that of the 3rd OPF based thresholding scheme. EWMA and ERWMA have similar BER performance, and the FWMA has the best BER performance. For 2 Kbps data rate, thresholding schemes based on the 3rd OPF, EWMA, FWMA, and ERWMA can achieve the transmission distances of 50 cm, 175 cm, 200 cm, and 175 cm under the 7% forward error correction (FEC) threshold, respectively.
In order to study whether our proposed threshold algorithms have an advantage in computational complexity, we use the 3rd OPF and the proposed threshold algorithms to process a few images and compare their computation time. The experimental results indicate that the average time for 3rd OPF, EWMA, FWMA, and ERWMA to process an image is about 1051.957 ms, 2.773 ms, 14.372 ms, and 88.271 ms, respectively. Therefore, compared with the 3rd OPF, our proposed threshold algorithms also have a huge advantage in computational complexity. Considering the computation complexity and system performance, FWMA is the optimal threshold algorithm, which has great potential in practical applications.
Conclusions
In this paper, we propose three threshold algorithms (EWMA, FWMA, and ERWMA) to improve the performance of the mobile-phone camera based VLC system. The principles of the three threshold algorithms are described in detail. According to the threshold curve comparison, we can conclude that our proposed thresholding schemes can resist the grayscale value fluctuation. By evaluating the BER performance of the proposed thresholding schemes for different s k , the optimal parameters (i.e. s 1 , s 2 , and s 3 ) of the threshold algorithms (i.e. EWMA, FWMA, and ERWMA) are obtained, which are 136, 68 and 136, respectively. With the optimal parameter, we compare the proposed thresholding schemes with the 3rd OPF in terms of system performance and computational complexity. The experimental results show that for 2 Kbps data rate, the 3rd OPF, EWMA, FWMA, and ERWMA based thresholding schemes can achieve the transmission distances of 50 cm, 175 cm, 200 cm, and 175 cm under the 7% FEC threshold, respectively. The corresponding algorithm average running time is 1051.957 ms, 2.773 ms, 14.372 ms, and 88.271 ms, respectively. Considering the computation complexity and system performance, FWMA is the optimal threshold algorithm, which shows the great potential in practical applications.
